The formation of a "spin polaron" stems from strong spin-charge-lattice interactions in magnetic oxides, which leads to a localization of carriers accompanied by local magnetic polarization and lattice distortion. For example, cupric oxide (CuO), which is a promising photocathode material and shares important similarities with high T c superconductors, conducts holes through spin polaron hopping with flipped spins at Cu atoms where a spin polaron has formed. The formation of these spin polarons results in an activated hopping conduction process where the carriers must not only overcome strong electron−phonon coupling but also strong magnetic coupling. Collectively, these effects cause low carrier conduction in CuO and hinder its applications. To overcome this fundamental limitation, we demonstrate from first-principles calculations how doping can improve hopping conduction through simultaneous improvement of hole concentration and hopping mobility in magnetic oxides such as CuO. Specifically, using Li doping as an example, we show that Li has a low ionization energy that improves hole concentration, and lowers the hopping barrier through both the electron−phonon and magnetic couplings' reduction that improves hopping mobility. Finally, this improved conduction predicted by theory is validated through the synthesis of Li-doped CuO electrodes which show enhanced photocurrent compared to pristine CuO electrodes. We conclude that doping with nonmagnetic shallow impurities is an effective strategy to improve hopping conductivities in magnetic oxides.
INTRODUCTION
In general, transition metal oxide (TMO)-based photoelectrodes used for photoelectrochemical cells (PECs) suffer from low carrier conductivity, which fundamentally limits TMO-based photoelectrodes from reaching higher theoretical photon-to-current efficiencies.
1,2 Although many experimental studies have shown that appropriate doping can effectively boost the photocurrent generation of TMO-based photoelectrodes, attempts to understand the exact effect of the dopants have been very limited, making it difficult to methodically conduct future studies on the optimization of TMO-based photoelectrodes. 3, 4 In this work, we investigated hole transport in cupric oxide (CuO), a p-type semiconductor. Due to its relatively small bandgap (1.2-1.8 eV) and a conduction band minimum located at a more negative potential than that of water reduction, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] it has the potential to serve as an inexpensive and environmentally benign photocathode for a water splitting PEC. However, like other TMOs, CuO suffers from poor carrier conductivity, which limits the effectiveness of CuO-based devices. 12, 13, 15, 16 Additionally, cathodic photocorrosion of CuO can also limit the use of CuO for photoelectrochemical applications. Fortunately, a recent study demonstrated that the photocorrosion of CuO can be effectively suppressed by depositing a thin protection layer that prevents direct contact of CuO and the electrolyte, 14 which encourages studies on further improving charge transport and photoelectrochemical properties of CuO. Facilitated charge transport in CuO can also be advantageous for the use of CuO in other electrochemical devices such as gas sensors. 17, 18 The development of charge transport in CuO depends on the understanding and optimization of the small polaron hopping process. Strong electron−phonon coupling in many TMOs (Fe 2 O 3 , BiVO 4 , TiO 2 ) leads to the localization of carriers into polarons, a quasi-particle representing the carrier and local lattice distortion. 2, 19, 20 Due to this localization, carriers are no longer transported through the system via typical band mechanisms. Rather, carriers must be thermally activated in order to "hop" between sites, a process known as polaron hopping conduction. 21, 22 This type of conduction leads to an extremely low carrier mobility (e.g. 0.1 cm 2 /Vs for CuO), 2 several orders of magnitude lower than band-like semiconductors such as Si (~1000 cm 2 /Vs). Previous experimental studies have indicated that polaron formation also occurs in CuO. [23] [24] [25] [26] [27] Interestingly, more exotic properties such as "one-dimensional charge stripes" and "spin polarons" have been found in CuO due to strong spin-chargelattice interactions, 25 which distinguishes its conduction mechanism from the common electron polaron hopping conduction in nonmagnetic oxides such as BiVO 4 . However, there has yet to be a theoretical investigation on the existence and transport of polarons in CuO, which would provide deeper understanding of carrier transport and therefore offer effective doping strategies to improve the carrier transport properties in CuO and other magnetic oxides in general. Finally, although there have been a few experimental doping studies of CuO to date, 16, [27] [28] [29] [30] [31] [32] [33] [34] the role of dopants in improving hole conduction in CuO has not been clearly understood.
In this study, we address these fundamental questions by comparatively investigating hole conduction in pristine and Lidoped CuO. Our focus is on the elucidation of the mechanisms by which Li doping improves hole concentration and mobility through a combined theoretical and experimental effort. Our work is organized as follows. First, we provide theoretical background on CuO and discuss the mechanism of hole conduction that involves a unique spin-flip hopping process of spin polarons. Second, we show how Li doping enhances hole concentrations and hole mobility in CuO. Finally, we confirm our theoretical results by preparing CuO and Li-doped CuO electrodes and experimentally comparing their photoelectrochemical properties.
RESULTS AND DISCUSSION
Polaron formation and hole conduction in CuO from firstprinciples Several experimental studies have shown that CuO has an Arrhenius dependence of conductivity to temperature. [23] [24] [25] [26] [27] This dependence is expected for materials which form small polarons (a trapped electron or hole due to local lattice distortion) which must be thermally activated in order to hop between lattice sites in the material, a process known as polaron hopping. 22 The mobility of small polaron hopping follows the relationship shown in Eq. 1,
where E a is the activation energy, k is the Boltzmann constant, T is the temperature, and μ is the carrier mobility which is related to the conductivity σ, by σ = enμ (n is majority carrier concentration, which are holes in this case). To confirm the presence of polarons in CuO, we computed the electronic structure of pristine CuO with a single electron removed from a 96 atom system (2 ×3 × 2 supercell), corresponding to a hole concentration of 2% (at. % of hole = 100 × Figure S2 ) in agreement with previous studies on the electronic structure of CuO. 35 An intriguing consequence of hole localization around a single Cu 3d 9 ion is that the Cu magnetic moment will flip, forming a "spin polaron" (SP). [36] [37] [38] [39] [40] [41] Such states are common in copper oxides as the combination of two SPs will create a spinless Cooper pair state which obeys Bose−Einstein statistics and is the basis of superconducting. 38, 42 In general, an SP forms in polaronic materials where the kinetic energy of the state can be lowered substantially from the increased delocalization of the electron or hole wavefunction after the spin-flip occurs. 43 For example, after an electron at a spin-up state is removed, a hole is created at the same spin state. As a fermion, the hole obeys the Pauli exclusion principle like electrons and can only be added to a state which is already occupied (i.e. a state must be occupied by an electron of the same spin for a hole to form). Therefore, in an antiferromagnetic system, the delocalization of a spin-up hole is limited by the availability of neighboring atoms' spin-up occupied states. As shown in Fig. 1b , with antiferromagnetic ordering, the hole polaron may form into a highly localized state (limited to forming over a single Cu atom and its bonding O atoms that have up spins, as neighboring Cu atoms do not have an available spin-up state at which the hole can form). But after a neighboring Cu ion's moment flips (Fig. 1c) an extra channel is created, and the spin-up hole can redistribute over several sites that all have an up spin, lowering the kinetic energy of the hole polaron. The resulting flipped Cu ion with a distributed polaron state over several Cu and O atoms is shown in Fig. 1d . As discussed in ref. 43 this lowering of kinetic energy through wavefunction delocalization dominates over the energy cost of the spin-flip and facilitates the formation of spin polarons in CuO. Additional explanations can be found in the SI (Figures S3-S4) .
Considering that the magnetic couplings between Cu ions in CuO are significantly large (J~100 meV), spin-spin interactions will have an important effect on the conduction of holes in CuO. To address this point, we consider the total kinetic rate κ of the hopping process in Eq. 2,
where E i is the energy of the ith configuration and κ i is the hopping rate between configurations (for full details, see SI). For the case of CuO, we found that the formation of a polaron at a site without a flipped spin was not possible, and, presumably, the total energy of such a state is very high, which reduces the possible configurations entering Eq. 2. Then we define hopping that does not involve a spin-flip process to have a rate given by
=kT , with E eÀph a being the usual hopping activation energy barrier due to electron−phonon interactions. We have shown that the Boltzmann factors that are related to the energies of different spin configurations will be dominated by the most probable hopping path ( Figure S9 ). As a result, the full hopping rate κ then reduces to Eq. 3,
Namely as holes are conducted through the system they will invoke a spin-flip process which will cost energy equal to the cost of flipping a spin of a Cu ion (illustrated in Fig. 2 ). In final, we see that the energy of this spin-flip process E spin a can be simply added to the electron−phonon process E eÀph a to give the full activation energy E a , given in Eq. 4.
Intuitively, a spin-flip hopping process will not have a welldefined transition state; if there was a transition state, it would be a spin delocalized state which is not favored to form in a polaronic oxide. To confirm this point, we employed the newly developed constrained density functional theory technique for solids in which an external potential is added to the Kohn−Sham potentials, and its strength is varied self-consistently in order to localize a desired number of charges on a specific site. 44, 45 This allows for a direct calculation of the electronic coupling constant between initial and final states H ab j j in CuO, which we obtained to be 1.01 meV (the numerical accuracy is 0.01 meV). This is two orders of magnitude smaller than the computed activation energy (shown later), implying that transport in CuO is indeed nonadiabatic, which cannot be described by a semi-classical transition state theory.
The energy of this spin-flip (E spin a ) can be obtained directly using the Heisenberg Hamiltonian
where J ij is the magnetic coupling between the spin of the ith and jth Cu ion and b S i is the spin of the ith Cu ion (taken to be ½ as Cu is in a 3d 9 configuration with one unpaired electron). The use of this model is well-established in accurate modeling of the magnetic couplings of CuO, [46] [47] [48] and our calculations show that fitting the total energy of different magnetic configurations of CuO with this Hamiltonian yields an R-squared of 0.999 ( Figure S7 ). Following a previous work, 46 we considered five magnetic couplings in CuO: J z , J x , J a , J b , J 2 . Of these five couplings, the coupling J z is dominant over the rest with a value of −111 meV and is responsible for the longrange antiferromagnetic transition of CuO at 230 K. Note that in CuO the magnetic correlation length remains large at temperatures above the transition temperature T N , so magnetic coupling is still relevant to our discussion of hole conduction in CuO at room temperature. 25, 49 Second is the super-superexchange J 2 which is −39 meV yet is still three times smaller than J z . The remaining values are −17.4 meV for J a , +3.0 meV for J x , and +2.6 meV for J b . From this we can directly compute E spin a according to Eq. 5.
In CuO,
gives E spin a to be 160 meV, a similar magnitude to E eÀph a (99 meV) as shown in Table 1 . This result validates that E spin a contributes significantly to the overall activation energy. Therefore, this result suggests that dopants that can reduce the magnetic coupling contribution E spin a as well as the electron−phonon contribution E eÀph a to the activation energy can more effectively improve hole mobility in CuO.
Note that here we consider hopping along the ferromagnetic (FM) [101] direction (see Fig. 2 ) due to shorter Cu−Cu distances and superior orbital overlap between initial and final states. Meanwhile, we find that hopping along the antiferromagnetic (AFM) ½101 direction is energetically unlikely to occur (Figure S10-S12).
Spin polaron conduction in Li-doped CuO from first-principles Our experimental work (discussed later) shows Li-doped CuO electrodes have significantly increased photocurrent and show a positive shift of onset potential, while also retaining a similar crystallinity and photon absorption to the pristine CuO electrodes. Thus, it is anticipated that Li doping in CuO improves electron −hole separation and/or carrier conduction (concentration and/or mobility). To confirm this postulation, we applied our theoretical techniques discussed above to clarify how Li doping improves hole conduction in CuO.
The enhancement of carrier concentration after Li doping can be confirmed by the low hole ionization energy in Li-doped CuO, which is comparable to kT. Specifically, the ionization energy for a p-type dopant is defined by the difference between its charge transition level (CTL) and the valence band maximum. The CTL (ε q/ q′ ) is defined as the value of electron chemical potential at which the stable charge state of the defect changes from q to q′, given by Eq. 6.
and the formation energy E f q of the charge state q is defined by Eq. 7,
where E q is the total energy of the system with the charged defect, E prist is the total energy of the pristine system, and the third term on the right side accounts for the change in number of atoms of each species i between these two configurations (ΔN i ), with μ i being the atomic chemical potential of that element in its stable form. From Eqs. 6 and 7 we computed the hole ionization energy of Li-doped CuO to be 55 meV (corresponding to the −1/0 transition level). Since this energy is small and comparable to kT at room temperature, it indicates that Li introduces shallow hole states which can be ionized at room temperature to increase the hole concentration. This indicates a shift of the Fermi level towards the valence band maximum as has been experimentally shown with a positive shift of the onset potential by~210 mV. The introduction of shallow states from Li doping is also in agreement with previous theoretical and experimental works. 28, 29, 50, 51 To investigate the effects of Li doping on the transport of holes in CuO (i.e. the effect of Li on hole hopping mobility) we first focused on the electron−phonon contribution to the activation energy, E eÀph a . For this part, we computed the electron−phonon activation energy of pristine and Li-doped CuO via Eq. 8. This method represents an averaged doping effect in a continuum polarization medium and avoids the sampling of all possible doping configurations and hopping paths.
Here r p is the polaron radius which is approximated as
, R is the average hopping distance, and
where ε ∞ is the high frequency dielectric constant and ε 0 is the static dielectric constant. The results of this calculation (Table  1) show that Li doping increased the high frequency dielectric constant (ε ∞ ) due to increased carrier concentrations after Li doping. Although the static dielectric constant (ε 0 ) is also increased due to weaker Li−O bonds (ε 0 is inversely proportional to the bonding energy squared 53 ), an increased ε ∞ dominated and resulted in an overall lower barrier (E eÀph a ). For example, the barrier decreases by 11 meV after 12.5% Li doping, which corresponds to 1.5 times improvement on hopping mobility based on the μ / e
ÀEa=kT relation between E a and mobility μ. Therefore, Li doping assists the electron−phonon kinetics of carriers in CuO.
To consider the effect of Li on the magnetic contribution to the activation energy E spin a , we first recalculated the magnetic couplings in CuO after a significant amount of Li doping (12.5%) using the same methods as before ( Figure S8, Table S3-S4) . We find that the predominate magnetic coupling J z is nearly the same after Li doping, although overall Li suppresses the antiferromagnetism of CuO due to the spinless character of Li, which has also been seen experimentally. 27 The resulting energy of the spin-flip process in Li-doped CuO from Eq. 5 (assuming that there are no Li near the polarons) would be 137 meV, which is smaller than 160 meV in pristine CuO (mentioned above). We note that the largest benefit of Li doping is seen when we consider the interaction of neighboring SPs and Li. An analog of the spin-flip hopping process after Li doping in CuO is shown in Fig. 3 . Since Li is nonmagnetic, it does not interact with a SP when it passes by, and a single Li site can reduce the local hopping barrier of the SP by up to 55 meV which corresponds to approximately 9 times improvement of hopping mobility based on the μ / e ÀEa=kT relation (the case of Li breaking J z coupling). This larger effect of Li doping on the activation energy describes how Li doping significantly enhances the hole mobility in CuO, in agreement with previous experimental measurements of the activation energy of Li-doped CuO. 27, 29, 31, 32 For example in ref. 27 a monotonic decrease of activation energy has been observed as a function of Li doping concentration (up to 16%), accompanied by strong suppression of the anti-ferromagnetism of CuO. The activation energy decreases from 0.23 eV for pristine CuO to 0.035 eV for Cu 0.92 Li 0.08 O, which leads to a three order of magnitude decrease of resistivity in experiments. 27 Since what we have discussed is relevant for isolated Li doping (Li−Li interaction is neglected in our magnetic interaction models), even a small amount of Li doping will have a significant impact on the conduction of holes in CuO and can dramatically increase the photocurrent density of CuO as we have seen in our experimental investigation. 32 Synthesis of CuO and Li-doped CuO electrodes CuO and Li-doped CuO electrodes were prepared to experimentally investigate the effect of Li doping and confirm the results obtained from the computational studies. In order to unambiguously identify the effect of Li doping on the charge transport properties, it is critical that other features (e.g. crystallinity and morphology) of the CuO and Li-doped CuO electrodes are the same. If a condition/procedure used for Li doping significantly alters other properties of the CuO film, any difference in properties observed between the CuO and Li-doped CuO electrodes cannot be confidently identified as the effect of Li doping.
Previously, we have demonstrated that nanofibrous CuO electrodes can be prepared by using electrodeposited Cu 4 SO 4 (OH) 6 films as precursors. 54 The electrodeposited Cu 4 SO 4 (OH) 6 films are composed of blade-like nanocrystals due to the two dimensional crystal structure of Cu 4 SO 4 (OH) 6 ( Figure  S14A ). When immersed in 0.01 M NaOH solution (pH 12), they were converted to fibrous Cu(OH) 2 films (Figure S14B ), which could be converted to fibrous CuO films by annealing for 3 h at 500°C.
The same procedure could be used to produce Li-CuO by simply dropcasting a solution of LiNO 3 onto the Cu(OH) 2 films before annealing. It was expected that the nanofibrous morphology of the Cu(OH) 2 . These two electrodes also showed almost identical UV−Vis absorption spectra (bandgap = 1.4 eV) ( Figure  S15B ), indicating that Li doping does not affect photon absorption by CuO, which is consistent with our theoretical calculation of the Li-doped CuO band structure ( Figure S13 ).
Experimental comparison of photoelectrochemical properties of CuO and Li-doped CuO electrodes
Since the direct measurement of charge transport properties of our high surface area, nanofibrous polycrystalline electrodes was not possible, the effect of Li doping on charge transport properties was evaluated by comparing photocurrent generation of CuO and Li-doped CuO electrodes. Since these electrodes have the same absorbance ( Figure S15B ), the number of electron−hole pairs generated in these electrodes under illumination must be identical. Then, if an interfacial charge transfer reaction that can quickly consume almost all the surface-reaching electrons is chosen for photocurrent measurement, any change in photocurrent generation caused by Li doping must be due to a change in the number of surface-reaching electrons caused by a change in the charge transport properties, which affects electron−hole separation.
For this purpose, comparing photocurrent for water reduction may not be proper because the surface of CuO is not catalytic for water reduction, and a significant portion of the surface-reaching electrons can be lost to surface recombination, making it difficult to accurately evaluate the change in the number of surfacereaching electrons. In this study, we used oxygen reduction as the photoelectrochemical reduction reaction that occurs on the CuO surface as the kinetics of this reaction is typically much faster than water reduction on oxide-based photocathodes. [54] [55] [56] [57] The J−V plots of CuO and Li-doped CuO for oxygen reduction obtained in a 0.1 M KOH (pH 13) solution purged with O 2 under standard illumination conditions (AM1.5G, 100 mW/cm 2 ) are shown in Fig. 5 . The pristine CuO electrode already shows efficient photocurrent generation for O 2 reduction as its bandgap allows for the utilization of a great portion of the visible solar spectrum, and its nanostructure reduces bulk electron-hole recombination. For example, it achieved a photocurrent density of~1.2 mA/cm 2 at a potential as positive as 0.8 V vs. RHE, and it increased up tõ 4.0 mA/cm 2 when the potential was swept to 0.6 V. (The dark current initiating around 0.65 V vs. RHE is due to electrochemical reduction of O 2 which was subtracted from the photocurrent to determine overall photocurrent.) The photocurrent observed for O 2 reduction can be considered the upper limit of photocurrent that can be observed for water reduction when an efficient hydrogen evolution catalyst is placed on the CuO surface to improve the water reduction kinetics.
The Li-doped CuO electrode significantly enhanced photocurrent generation. For example, the Li-doped CuO electrode achieved a photocurrent density of~2.0 mA/cm 2 at a potential as positive as 0.8 V vs. RHE, and it increased up to~5.6 mA/cm 2 when the potential was swept to 0.6 V. In addition to the evident increase in magnitude of photocurrent density, Li-doped CuO electrodes demonstrated a considerable shift in photocurrent onset to the positive direction by~210 mV. The photocurrent onset potential for a reaction that has high interfacial charge transfer kinetics, such as O 2 reduction on an oxide photocathode, can be considered the flatband potential. This is because for such reactions the loss of the surface-reaching minority carriers to surface recombination is negligible. In this case, it can be assumed that photocurrent disappears when the applied potential is the same as the flatband potential, where electron−hole separation is no longer possible. The fact that the J−V plots of CuO and Lidoped CuO electrodes measured with chopped illumination do not show any transient photocurrent even when the applied potential is near the photocurrent onset potential is a good indication that recombination on the CuO surface during O 2 reduction is negligible. This confirms that the photocurrent onset potentials of these electrodes can be regarded as their flatband potentials. Since the flatband potential is the same as the Fermi level after accounting for the Helmholtz layer potential drop at the semiconductor/electrolyte interface, and the Helmholtz layer potential drop should not be altered by 0.1 at.% Li doping, the shift of the onset potential of Li-doped CuO directly indicates that Li doping shifted the Fermi level of CuO to the positive direction, closer to the valance band maximum. 58 These experimentally obtained results agree well with the computational results that Li doping generates shallow acceptors that effectively increase the hole concentration. The increase in hole concentration, which improves the hole conductivity, can reduce electron−hole recombination in the bulk or in the space charge region, increasing the number of minority carriers reaching the surface to perform oxygen reduction. Also, the increase in hole density that changed the Fermi level was confirmed by the shift of the flatband potential to the positive direction. Finally, according to our computational results, a simultaneous decrease in E a by Li doping also contributed to photocurrent enhancement by improving the hole mobility of CuO.
While the impact of Li doping on the activation energy E a and on carrier density cannot be easily separated in our photocurrent measurements, the impact of Li doping on the activation energy has been discussed explicitly in dark resistivity measurements of Li-doped CuO between a few K to 300 K. 27, 29 An order of magnitude decrease of the hopping activation energy with 16 at.% Li doping clearly confirmed the combined effect of E 27 This study clearly demonstrated that the effect of Li doping on E spin a is still considerable at 300 K (because of the short-range magnetic couplings remaining above Néel temperature) 25, 49 and that Li doping can play a critical role in improving the mobility of CuO at room temperature, which is relevant for its PEC applications.
In conclusion, we have studied in-depth hole conduction in pristine and Li-doped CuO by first-principles calculations accompanied by the PEC performance of experimentally prepared CuO and Li-doped CuO electrodes. In pristine CuO, we have verified the existence of spin polarons (SP), which occur via the flip of a single Cu ion's spin so that the polaron may redistribute over several atoms, and this delocalization effect lowers the energy of the polaron state. We then showed how transport of SPs in CuO will involve a spin-flip hopping process and developed a theoretical framework of computing the activation energy which involves both electron−phonon and magnetic coupling contributions. Next, we displayed how Li doping in CuO generates shallow states above the valence band which pushes the Fermi level closer to the valence band maximum and improves hole concentrations in CuO. Then, we showed how Li doping improves hole hopping mobility in CuO by lowering the electron−phonon coupling contribution to the activation energy due to higher electronic screening. More importantly, we demonstrated that Li doping lowers the magnetic coupling contribution to the activation energy due to the destruction of magnetic interactions through the replacement of Cu ions with nonmagnetic Li ions, culminating in a significantly lowered hopping barrier and increased hole mobility in Li-doped CuO. Finally, we prepared CuO and Li-doped CuO electrodes and compared their photoelectrochemical properties for O 2 reduction, where the changes in photocurrent and the onset of photocurrent can be directly related to changes in charge transport properties and the Fermi level, respectively. The experimental results show that Li doping enhances charge transport properties and shifted the Fermi level toward the valence band maximum while not affecting photon absorption, which agrees well with the computational results. This work provides important insights on the mechanisms of the formation and transport of SPs and their effect on the charge transport properties of CuO and Li-doped CuO. Similar to Li doping, doping with other nonmagnetic shallow acceptors may also simultaneously improve carrier concentration and hopping mobility of magnetic oxides. In this case, shallow dopants can be ionized easily to increase carrier concentrations and increase dielectric screening, which weakens the charge−lattice interactions. Most importantly, nonmagnetic dopants can break the magnetic couplings and lower the hopping barrier for SPs significantly, which is critical for improvement of hopping mobility. These insights offer effective strategies for the improvement of hopping conduction in magnetic oxides through atomic doping, which provides important guidance for materials design.
METHODS
Cupric oxide (CuO) assembles in a monoclinic structure with C2/c symmetry and a geometric unit cell consisting of only eight atoms. To consider the correct magnetic interactions prevalent in CuO, a ffiffi ffi 2 p 1 ffiffi ffi 2 p unit cell containing 16 atoms needs to be implemented ( Figure S1 ). 47, 49, 59 Meanwhile, a 2 × 3 × 2 supercell of 96 atoms was used for calculations considering polaron formation and doping. A final supercell of 2 ffiffi ffi 2 p 3 2 ffiffi ffi 2 p with 192 atoms was used to confirm spin polaron formation size and charged cell correction.
It is well known that both local and semi-local exchange and correlation functionals in DFT cannot accurately describe the electron correlation in magnetic insulators, which results in a qualitatively incorrect electronic structure. To account for this issue, we applied the Hubbard U correction 60 with U = 7.5 eV, a well-established model for this material. 50, 51, [61] [62] [63] All calculations were carried out in the open-source plane wave code Quantum ESPRESSO 64 with ultrasoft LDA pseudopotentials, 65 unless otherwise noted. The choice of LSDA+U instead of GGA+U was made because GGA+U was unable to give the correct monoclinic structure of CuO, while LSDA+U yielded a geometry of CuO within 5% of experimental values. Nonetheless, LSDA+U and GGA+U provide similar electronic structures (with the experimental geometry) and overall gave results in agreement with the experimental expectations. Our calculations yielded that Cu 2+ ions have a magnetic moment of 0.57 μ B with a magnetic ordering according to Figure S1 . Notably, the O atoms in this system share a non-negligible magnetic moment of 0.14 μ B (in agreement with previous experiments 59 and theory 50 ). We were also able to replicate the computed magnetic couplings at higher levels of theory with the LSDA+U method (see Table S1 -S2). We have noted that one previous study also considered applying a Hubbard correction on O p state. 66 While this current study does not employ a Hubbard U on O p states, we found that spin polaron characteristics relevant to our study do not change upon applying a U on O p (Figure S5-S6) , and the conclusions in this work are unaffected by the choice of U on O p.
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